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Si and Ge films can be prepared under ultrahigh vacuum conditions by chemical vapor deposition
using disilane and digermane as source gases. These gases offer a high sticking probability, and are
suitable for atomic layer epitaxy. Using synchrotron radiation photoemission spectroscopy and
scanning tunneling microscopy, we have examined the surface processes associated with the
heteroepitaxial growth of Ge/Si. The measured surface-induced shifts and chemical shifts of the Si
2p and Ge 3d core levels allow us to identify the surface species and to determine the surface
chemical composition, and this information is correlated with the atomic features observed by
scanning tunneling microscopy. Issues related to precursor dissociation, attachment to dangling
bonds, diffusion, surface segregation, growth morphology, and pyrolytic reaction pathways will be
























































Preparation of Si-Ge interfaces by vapor deposition un
ultrahigh vacuum~UHV! conditions is a subject of conside
able interest to fundamental thin film science. These in
faces represent a simple ‘‘prototypical’’ system involvin
two elemental materials with similar physical and chemi
properties, and yet a variety of interesting effects are
pected because~1! the large lattice mismatch between Si a
Ge causes strain in the overlayer, which is likely to affect
film morphology; and~2! Ge has a lower surface energy th
Si, and therefore there is a tendency for Ge to segrega
the surface. Films of Si and Ge and their alloys are useful
a variety of electronic and optoelectronic device appli
tions, and a detailed understanding of the atomistics of
growth is important for the engineering of interface structu
and properties.
The present article discusses the atomic processes as
ated with UHV chemical vapor deposition~CVD! growth of
Si and Ge films. The gases employed in this study
Si2H6 ~disilane! and Ge2H6 ~digermane!.
1–16 These gases
have low decomposition activation energies, and a h
growth rate can be achieved at fairly low growth tempe
tures. The techniques employed in this study include pho
emission spectroscopy and scanning tunneling microsc
~STM!. Photoemission spectra of the Si and Ge core lev
show surface-induced shifts and chemical shifts caused
bonding to hydrogen. A measurement of the relative inten
ties of the various surface components provides a chem
analysis of the surface. This information allows one to a
dress questions such as which atoms~Ge or Si! are on the
surface, and whether or not these surface atoms are bo
to hydrogen. STM, on the other hand, allows direct viewi
of the surface atomic structure and morphology, and t























provides complementary information. Previous studies e
ploying temperature programmed desorption, infrared sp
troscopy, electron energy loss, and other techniques h
yielded additional information regarding the desorption te
peratures and the chemical species on the surface.1–13All of
the available information together yields a detailed atomis
description of the pyrolytic reactions and growth behavio
Our experimental approach is to expose the surface to
CVD gas with the substrate typically held at room tempe
ture. The sample is then annealed for a fixed period of ti
~60 s!, and allowed to cool down before examination. Th
cycle is repeated for increasing annealing temperatures,
the results reveal the chemical reactions and atomic p
cesses occurring in different temperature ranges. For
deposition on Si~100! and Si deposition on Ge~100!, the ini-
tial sticking coefficient is high, and the coverage quick
saturates at about one-half of a monolayer~ML !. After a high
temperature anneal to drive off all of the surface hydrog
the net deposition is;1/2 ML. This quantized deposition
can be repeated to build up a film with a precisely contr
lable thickness, and this process is known as atomic la
epitaxy.
The desorption temperatures of hydrogen from Si and
surfaces are significantly different because of a difference
bond energy. This difference may cause a transfer of hyd
gen between Si and Ge upon annealing if both kinds of
oms are present on the surface. The interplay of surface
ergy, strain energy, and bond energy results in a variety
interesting effects that can be observed and studied in d
by photoemission and STM. It is not surprising that there
significant differences in the growth behaviors between Si
Ge and Ge on Si. Significant differences are also obser
between the~100! and~111! faces,16 although our discussion























































920 Lin, Miller, and Chiang: Atomic-level investigation of Si/Ge 920II. EXPERIMENTAL TECHNIQUES
Our STM measurements involve two instruments. One
homemade, and the other is an Omicron variable-tem
rature STM. Large-area scans that will be discussed be
were generally low-pass filtered to remove a background
order to enhance the local features. These pictures rese
landscapes with oblique light illumination from the lef
Atomic steps appear either bright or dark depending on
step direction. Atomic-resolution pictures over smaller ar
are unaffected by this filtering, and bright parts simply re
resent protrusions. The photoemission measurements
carried out at the Synchrotron Radiation Center in Stou
ton, Wisconsin, and at the Synchrotron Radiation Resea
Center in Hsinchu, Taiwan. The same sample prepara
procedure was employed in all of these separate meas
ments. Commercial Si and Ge wafers were used. The
samples were cleaned by flash heating to about 1400
whereas the Ge samples were cleaned by repeated cycl
sputtering by Ar ions followed by annealing. After cleanin
these surfaces exhibited sharp electron diffraction patte
Digermane, diluted to 20% in He, and pure disilane w
used for CVD growth. The ion gauge readings were c
rected for the sensitivity to these gases. Heating of
sample was done by passing a current through the sam
itself, and the temperature of the sample as a function
heating power was calibrated by attaching a small therm
couple to the center of the back face of an identical t
sample.
Figure 1~a! shows a typical Si 2p core level spectrum
taken from a clean Si~100!-~231! surface. The line shape ca
be divided into three major componentsB ~‘‘bulk’’ !, S8 ~sur-
face component 1!, andS ~surface component 2! as shown in
Fig. 1~a!, where each component consists of a pair of sp
orbit-split peaks. The peak on the lower binding energy s
in Fig. 1~a! is the 2p3/2 peak of theS component. It is well
separated from the rest of the line shape, and its intensity
be deduced by fitting. This component is associated with
dimer atoms on the~231! reconstructed surface, as wa
demonstrated in previous studies.17,20 The intensity of the
unresolvedS8 component cannot be easily deduced, and w
not be used in this study.
If the Si~100! surface becomes partially covered by Ge
H, theS component will diminish, and its intensity is a qua
titative measure of the surface area that remains cle
Shown in Fig. 1~b! is a spectrum of Si~100! covered by 4.5
ML Ge prepared by molecular beam epitaxy~MBE!. Only
the B component remains in the spectrum. This is beca
the bonding between Si and Ge is very similar to that
tween Si and Si, and as a result, all Si atoms under su
thick layer of Ge are in a bulklike bonding environment.
the Si~100! surface is terminated by hydrogen, the core le
spectrum will show hydrogen-induced chemical shifts
higher binding energy, as illustrated in Fig. 1~c!.15 The S
component characteristic of the clean surface is not pres
If the hydrogen is then driven off the surface by therm
annealing, the hydrogen-induced component will dimini






































core level line shape thus provides a chemical analysis of
surface.
The Ge 3d core level spectrum taken from clean Ge~100!-
~231! shows a line shape very similar to Si~100!. There are
again three major components,B S8, andS, where theS
component, shifted to lower binding energies, can be ass
ated with the dimers on the surface. This surface also sh
a hydrogen-induced chemical shift. In our experiments, b
the Si and Ge core level line shapes are measured.
STM and electron diffraction reveal the surface symm
try. An observed~231! reconstruction implies the presenc
of either Si or Ge dimer bonds on the surface, even tho
the dimer dangling bond could be terminated by either a H or
a SiH3 ~GeH3) group. A surface terminated by SiH2
~GeH2) exhibits a local~131! structure.
III. RESULTS AND DISCUSSION
A. Adsorption and pyrolytic reactions for Si
on Ge(100)
The results from all available experimental studies can
summarized by the following pyrolytic reactions for disilan
adsorbed on Ge~100! for increasing substrate temperature
FIG. 1. Photoemission spectra for the Si 2p core level taken from~a! clean
Si~100!-~231!, ~b! Si~100! covered by 4.5 ML of Ge prepared by MBE, an
~c! a monohydride-terminated Si~100! surface. The circles are data point
and the solid curves are fits to the data. The fits involve three compon































921 Lin, Miller, and Chiang: Atomic-level investigation of Si/Ge 921Si2H6~g!→2SiH3~s! ~RT!, ~1!
SiH3~s!1Ge~s!→SiH2~s!1GeH~s! ~RT–530 K!, ~2!
GeH~s!→Ge~s!1 1/2H2~g! ~530–620 K!, ~3!
SiH2~s!1SiH2~s!→Si2H2~s! ~monohydride dimer!
1H2~g! ~530–570 K!, ~4!
and
Si2H2~s!→2Si~b!1H2~g! ~630–690 K!. ~5!
In these equations, (s), (b), and (g) refer to a surface spe
cies, an atom in the substrate below the surface, and a
molecule, respectively. The approximate temperature ra
for each reaction is indicated, and RT refers to room te
perature.
We will now examine the experimental evidence. Figu
2 shows Si 2p and Ge 3d core level spectra for variou
annealing temperatures starting from a Ge~100!-~231! sur-
face saturated by disilane exposure at RT. The evolution
the main features as a function of annealing temperatur
summarized in Fig. 3. Figure 3~a! is a plot of the intensity
ratio between theS andB components of the Ge 3d core
level, which is an indication of the surface area that is cle
Ge~100!-~231!. Figure 3~b! is a plot of the intensity of the S
2p core, where the significant drop in intensity indicates
indiffusion. Figure 3~c! shows the binding energy shift of th
Si 2p core level, which reflects chemical shifts as well
band bending shifts caused by a change in surface chem
composition. Four characteristic temperaturesT1–45530,
FIG. 2. Photoemission spectra for~a! Si 2p and ~b! Ge 3d core levels for
various annealing temperatures as indicated. The sample is Ge~100! initially








570, 630, and 690 K and two transitionsA ~betweenT1 and
T2) andB ~betweenT3 andT4) are indicated in the Fig. 3.
Figure 4 shows a 2103250 Å2 STM picture for 0.02 lang-
muir ~L! exposure at RT. Randomly distributed adsorpti
sites are observed. Several possible bonding configurat
for the molecular fragments are shown in Fig. 5. Configu
tion A corresponds to two SiH3 bonded on the same side o
two neighboring dimers, resulting in an elongated bright p
trusion located on one side of the two affected dimers. T
is the dominant configuration found in our STM picture
Configuration B involves the same two fragments bonded
the two dangling bonds of a single dimer. A very small fra
tion of the adsorption sites is characterized by configurat
C shown in Fig. 5. Again, two neighboring dimers are i
volved, and the images show a bright protrusion cente
about the dimer row. This can be identified as two SiH2 with
a local~131! structure; these SiH2 fragments are formed as
result of the decomposition of SiH3 as indicated by Eq.~2!.
Configuration D in Fig. 5 corresponds to a monohydri
dimer. This configuration is observed only after the sam
has been annealed to higher temperatures. Note that
monohydride dimer has a local~231! structure similar to the
dimer on the clean surface.
For all of these RT adsorption configurations~A, B, and
C!, the two fragments of dissociative chemisorption occu
FIG. 3. ~a! Intensity ratio of theSandB components of Ge 3d, ~b! integrated
intensity of Si 2p, and~c! binding-energy shift of the Si 2p as a function of
annealing temperature. The sample is Ge~100! initially saturated by a 10 L
disilane exposure at RT. Two temperature ranges,A andB, and four tem-











































922 Lin, Miller, and Chiang: Atomic-level investigation of Si/Ge 922neighboring dangling bond sites, and this has an impor
implication. The initial sticking coefficient for disilane o
Ge~100!-~231! is ;0.5 from our STM measurements. F
the same experiment on the Ge~111!-c~238! surface, the
sticking coefficient is reduced by three orders of ma
nitude.16 This drastic difference can be related to the fact t
two nearby Ge dangling bonds are needed for the disso
FIG. 4. A STM image of Ge~100!-~231! dosed by 0.02 L of disilane at RT
The area is 2103250 Å2.
FIG. 5. Schematic diagrams for various bonding configurations of disil




tive chemisorption, and the distance between the two d
gling bonds must match the Si-Si distance in Si2H6 to facili-
tate the dissociation. This condition is well satisfied for t
Ge~100! surface, but not for the Ge~111!-c~238! surface, for
which neighboring dangling bonds on the surface are se
rated by much larger distances due to thec~238! recon-
struction.16
As the exposure increases, more dissociative chemis
tion fragments are observed, and the surface becomes
rated for exposures greater than a few langmuirs. Beca
the pairs of dangling bonds involved in different adsorpti
events are not necessarily phase correlated, the resu
saturated surface appears disordered as seen by STM
flection high-energy electron diffraction from the same s
face, however, shows a~231! pattern, indicating that many
of the dimer bonds underneath the disordered adlayer rem
intact ~care was taken to avoid surface modification by el
tron beam irradiation!. This is consistent with the STM re
sults mentioned above that most fragments after a low ex
sure are SiH3.
As the annealing temperature increases, these SiH3 frag-
ments dissociate into SiH2 according to Eq.~2!. This covers
a wide temperature range as indicated by Fig. 3~b!, which
shows a continuous change of the Si 2p binding energy. The
adlayer remains disordered. TransitionA betweenT1 and
T2 is characterized by desorption of H from SiH2, long-
range diffusion of surface fragments to form monohydri
islands, and desorption of H from GeH. After a 620 K a
neal, these processes are complete, and the surface i
with about 1/2 ML of silicon monohydride islands on a
otherwise clean Ge~100!-~231! surface, as seen in Fig. 6~a!,
which is a 5003500 Å2 STM picture. We know from the
~231! dimer reconstruction that these islands are in the fo
of silicon monohydride. We also know that the part of t
surface not covered by these islands is clean Ge~100!-~231!
because the intensity of theS component of the Ge core leve
has recovered to about one-half of the value for the cl
surface, as seen in Fig. 3~a!.
Further annealing leads to transitionB indicated in Fig. 3.
The SiH islands lose H based on desorption measureme
and as soon as the H leaves, the Si left behind diffuses in
subsurface site because of the lower surface free energ
Ge relative to Si. This indiffusion is evidenced by the lar
drop in intensity of the Si 2p core level seen in Fig. 3~b!,
which is accompanied by a large shift in binding energy se
in Fig. 3~c!. Simultaneously, the intensity of theS compo-
nent of the Ge core level recovers to the clean surface va
as seen in Fig. 3~a!. Thus, the final configuration after tran
sition B is one in which all of the hydrogen is desorbed, t
top layer is Ge, and the 1/2 ML of Si derived from th
adsorbed Si2H6 is in the subsurface region. Figure 6~b! is an
STM picture showing the~231! reconstruction of the top Ge
layer.
It is interesting to note that Si indiffusion is correlate
with the desorption of H from SiH. This is contrasted by t
observed Si indiffusion at much lower temperatures dur







































923 Lin, Miller, and Chiang: Atomic-level investigation of Si/Ge 923bonded to Si in the CVD case hinders the indiffusion of
Another interesting effect is that the H desorption tempe
ture from the SiH islands on Ge~100! observed in this ex-
periment is significantly lower than the desorption tempe
ture of H from the Si surface. This may be explained by
concerted motion involving Si, Ge, and H, or a mechani
involving the diffusion of H from the SiH islands onto
nearby exposed Ge surface where the H atoms can be re
desorbed because of the lower desorption temperature
from GeH.
Some recent results have suggested that a mixed Si
dimer layer consisting of Si atoms in the down dimer po
tion and Ge atoms in the up dimer position might be en
getically or kinetically more favorable under certain grow
conditions in the preparation of Si–Ge interfaces.20,22 Our
results show clearly that this is not the case for the sys
under study. If the Si atoms merely move into the do
dimer positions, there would be little reduction in the Si co
FIG. 6. 5003500 Å2 STM images for Ge~100!-~231!, saturated with a 5 L










level intensity, in disagreement with the data in Fig. 3~b!.
Even though the measured core level intensity can be so
what affected by diffraction effects,23 the intensity reduction
is so large that these Si atoms cannot all reside in the la
just below the dimer layer. Some of the Si atoms must h
moved into deeper layers. This is consistent with rec
transmission electron microscopy~TEM! results which show
that Si growth on Ge by MBE at similar temperatures resu
in an intermixed interface.24
Further annealing to even higher temperatures results
further and gradual reduction of the Si core level intens
indicating that the Si atoms are moving farther below t
surface. Figures 7~a! and 7~b! show the surface morpholog
after a 720 and 820 K anneal, respectively, over a 40
34000 Å2 area. The islands seen in Fig. 7~a! are mostly
absorbed by the steps with increasing annealing temp
tures, but it is difficult to eliminate all islands. Figure 7~b!
shows some remaining islands that should have been
sorbed by the step edges based on diffusion length cons
ations. This seems strange, but it can be explained by sur
strain caused by the lattice mismatch between Si and
Figures 7~c! and 7~d! show the surface morphology after
and 10 cycles of atomic layer epitaxy, where each cycle
volves saturating the surface with disilane at room tempe
ture followed by annealing to 820 K. The effect of stra
becomes clear now; the surface becomes covered
multilayer islands and holes to minimize the buildup of lon
range strain. The lateral length scale becomes smalle
more growth cycles are performed. Detailed STM imag
show that the surface remains~231! everywhere including
the top of the islands and the bottom of the holes.
FIG. 7. 400034000 Å2 STM images of Ge~100!-~231!, saturated with a 5 L
disilane dose at RT, and then annealed to~a! 720 and~b! 820 K. ~c!,~d! The
same scale images of Ge~100! after ~c! 5 and ~d! 10 cycles of Si growth.
Each cycle involves an exposure of 5 L disilane at 340 K followed by














































924 Lin, Miller, and Chiang: Atomic-level investigation of Si/Ge 924B. Adsorption and pyrolytic reactions for Ge
on Si(100)
The initial sticking coefficient of digermane on Si~100! is
again about 0.5, and the surface becomes saturated aft
exposure of a few langmuirs. It might be expected that
annealing behavior of the digermane-saturated Si~100! sur-
face should be generally similar to the case of Si on Ge~100!,
and it is indeed the case based on our experiment. One
portant difference is that the Ge remains on the surface a
a high temperature anneal to desorb all H. In other words,
indiffusion of Si observed in the previous case has no co
terpart for Ge growth on Si~100!. Figure 8 shows the Si an
Ge core level line shapes as a function of annealing temp
ture for a Si~100! surface initially saturated by digerman
exposure. The Ge 3d line shape for the initial surface i
broad because the Ge is in the form of a mixture of vario
hydrides. After annealing to 590 K, the line shape sharp
into that of GeH. The H is desorbed at even higher annea
temperatures, and the final Ge line shape consists of
major component, theS component, corresponding to Ge
the top dimer layer. The Si line shape in Fig. 8 shows that
S component is eliminated by the adsorption, and partia
recovers for annealing temperatures higher than 770 K du
the desorption of H.
A very interesting coverage-dependent effect is observ
Figure 9 shows a comparison between two different ini
digermane exposures, 0.2 and 1 L. The Ge core level spe
FIG. 8. Photoemission spectra for Si 2p and Ge 3d core levels for various
annealing temperatures as indicated. The sample is Si~100! initially satu-

















in Fig. 9~c! indicate that the conversion of Ge hydrides in
surface Ge becomes complete at 590 K for an initial ex
sure of 0.2 L. Figure 9~d! shows that the same conversio
does not become complete until 650 K for an initial expos
of 1 L. The results in Fig. 8 further show that this conversi
does not become complete until an even higher tempera
of 770 K for a fully saturated surface. The explanation f
this variation in temperature as a function of initial covera
is that the decomposition of GeH proceeds via two pathwa
~1! H2 desorbs directly from a monohydride dimer Ge2H2,
and ~2! a lower-temperature process in which the H ato
are transferred from GeH to nearby Si surface atoms to fo
SiH. The latter process is possible because the Si–H bon
stronger than the Ge–H bond as already noted above,
will require nearby Si dangling bonds, which are more abu
dant at lower digermane exposures. For higher initial dig
mane exposures, process~2! becomes suppressed due to t
lack of available Si dangling bonds, leading to a higher te
perature for the conversion of GeH into surface Ge. Figu
9~a! and 9~b! show the corresponding Si core level spect
When H is transferred from GeH to Si during the annealin
one would expect the intensity of theS component of the Si
core level to drop, and this is indeed observed. In Figs. 9~a!
and 9~b!, theS intensity of Si decreases initially due to th
effect, and increases at higher annealing temperatures w
H is desorbed from Si.
STM observations show that the room-temperature s
FIG. 9. ~a!,~b! Photoemission spectra of Si 2p at various annealing tempera
tures for an initial digermane exposure of 0.2 and 1.0 L, respectively.~c!,~d!










































925 Lin, Miller, and Chiang: Atomic-level investigation of Si/Ge 925rated surface is disordered as in the previous case. Fi
10 ~a! is a picture taken after annealing to 810 K. Here, o
sees~231! islands covering roughly one-half of the surfac
At this annealing temperature, there is very little H left
the surface. Annealing to an even higher temperature of
K causes the islands to coarsen and attach to step edges
is illustrated in Fig. 10~b!. Dimer rows interrupted by miss
ing dimer defects are observed, and these defects ten
form rows perpendicular to the dimer rows. This is caused
strain, and the results are very similar to the (23n) recon-
structions reported by other groups for the MBE growth
Ge on Si.22,25 This is not surprising, since at temperatu
high enough for complete H desorption, the growth sho
be similar for CVD and MBE. In contrast to the case of Si
Ge, the growth of Ge on Si is characterized by a fairly abr
FIG. 10. 4503450 Å2 STM images of Ge~100!-~231!, exposed to 5 L disi-










interface.24 In both cases, the resulting morphology aft
multi-layer growth is three dimensional because of t
strain.22
IV. CONCLUSIONS
A combined spectroscopy and microscopy study can y
detailed information about surface atomic processes as d
onstrated in this study. The growth of Si/Ge interfaces r
resents one of the simplest CVD processes, and yet it is c
from the above discussion that the growth can involve
variety of interesting effects and phenomena. The interp
of precursor molecular structure, surface reconstruction,
face energy, bond energy, and strain can result in comp
surface morphologies and nontrivial chemical compositio
near the surface. This work provides a basis for understa
ing many of the generic features of hydrogen chemistry
semiconductor surfaces, pyrolytic reactions, and hetero
taxial growth by CVD.
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